The Yarkovsky and YORP (Yarkovsky-O'Keefe-Radzievskii-Paddack) effects are thermal radiation forces and torques that cause small objects to undergo semimajor axis drift and spin vector modifications, respectively, as a function of their spin, orbit, and material properties. These mechanisms help to (a) deliver asteroids (and meteoroids) with diameter D < 40 km from their source locations in the main belt to chaotic resonance zones capable of transporting this material to Earth-crossing orbits; (b) disperse asteroid families, with drifting bodies jumping or becoming trapped in mean-motion and secular resonances within the main belt; (c) modify the rotation rates and obliquities of D < 40 km asteroids; and (d ) allow asteroids to enter into spin-orbit resonances, which affect the evolution of their spin vectors and feedback into the Yarkovsky-driven semimajor axis evolution. Accordingly, we suggest that nongravitational forces should now be considered as important as collisions and gravitational perturbations to our overall understanding of asteroid evolution.
INTRODUCTION
The motions of celestial bodies are usually considered to be the sole domain of gravity. For this reason, the conventional wisdom over the past several decades has been that collisions and gravitational forces are the primary mechanisms governing the evolution of asteroids and their fragments. Using these processes, it is possible to construct, with some success, an approximate history of how the main belt and inner Solar System asteroid populations have changed over the past several billion years. To set the stage for our discussion of how nongravitational forces affect asteroids, we summarize below the main points of this so-called classical asteroid evolution model (see also Bottke et al. 2002b) .
The largest reservoir of asteroids in the inner Solar System is the main belt, located between 2.0-3.3 AU (i.e., between the orbits of Mars and Jupiter). It currently holds ∼1 million objects with diameter D > 1 km (e.g., Bottke et al. 2005a,b) . It is believed that this population is the primary source for the near-Earth object (NEO) population, which includes both asteroids and some active/extinct comets that have perihelion distances q ≤ 1.3 AU and aphelion distances Q ≥ 0.983 AU. The meteoroids and larger objects that strike the Earth and Moon over time come from this population. There are currently ∼1000 NEOs with D > 1 km and semimajor axis a < 7.4 AU , Stuart & Binzel 2004 . Numerical simulations indicate that the mean dynamical lifetimes of the NEOs are several millions of years , although the distribution is bimodal ). Only about 1% of the NEOs end up as Earth impactors , Morbidelli & Gladman 1998 ); nearly all the rest impact the Sun or are ejected from the inner Solar System via a close encounter with Jupiter (Farinella et al. 1994 . Interestingly, the nearly constant crater production rates observed on the lunar maria indicate the NEO population has been in steady state (within a factor of 2 or so) over the last 3 Gy (Grieve & Shoemaker 1994; McEwen et al. 1997; Bottke et al. 2005a,b) . This means that the mechanisms resupplying the NEO population are likely to be dominated by continuous processes rather than rare events.
According to the classical model (CM) of asteroid and meteorite delivery, where collisions and gravitational perturbations dominate evolutionary processes, how does the main belt resupply the NEO population? We know that asteroids, whose orbits intersect one another in the main belt, sporadically collide with one another at high velocities (∼5 km s −1 ; Bottke et al. 1994) . These events result in cratering and fragmentation, with the collisional physics determining the orbits, spin states, shapes, and internal structures of the surviving bodies. The largest impact events are believed to produce the observed asteroid families, clusters of fragments having similar semimajor axis a, eccentricity e, and inclination i values. These orbital parameters, when used to infer the ejection velocities of the family members, indicate that many multikilometer objects were launched away from the impact site at ∼several 100 m s −1 (Zappalà et al. 1996) . Accordingly, asteroid ejecta, if thrown with just the right trajectory and velocity, could be injected into the powerful or diffusive resonance zones produced by the gravitational perturbations of the planets (Farinella et al. 1993) . Numerical studies have shown that test objects in such resonance regions frequently have Ivan Osipovich Yarkovsky (1844 -1902 , a civil engineer who worked on scientific problems in his spare time, first proposed the effect that now bears his name (Neiman et al. 1965 , Beekman 2005 . Writing in a pamphlet around the year 1900, Yarkovsky noted that the diurnal heating of a rotating object in space would cause it to experience a force that, while tiny, could lead to large secular effects in the orbits of small bodies, especially meteoroids and small asteroids (Öpik 1951). Yarkovsky's effect is a radiation force, and is the photonic equivalent of Whipple's (1950) rocket effect.
INTRODUCTION TO THE YARKOVSKY EFFECT
Yarkovsky's remarkable insight would have been consigned to oblivion had it not been for the brilliant Estonian astronomer Ernst J. Öpik (1893-1985) , who read Yarkovsky's pamphlet sometime around 1909. Decades laterÖpik, recalling the pamphlet from memory, discussed the possible importance of the Yarkovsky effect for moving meteoroids about the Solar System (Öpik 1951) . (Curiously,Öpik's (1976) book, which continues the theme of his 1951 paper, makes no mention of Yarkovsky).
FollowingÖpik and before its current flowering, research on Yarkovsky-type effects was pursued in Russia by Radzievskii (1952 Radzievskii ( , 1954 and Katasev & Kulikova (1980) ; in the United States by Paddack (1969 Paddack ( , 1973 , Paddack & Rhee (1975) , Peterson (1976) , O'Keefe (1976) , Slabinski (1977) , Dohnanyi (1978) , and Burns et al. (1979) ; and in Australia by Olsson-Steel (1986 . Additional history on the Yarkovsky effect can be found in Hartmann et al. (1999) .
Description of Diurnal Component
The basic idea behind Yarkovsky's diurnal effect is shown in Figure 1a , which shows a spherical meteoroid in a circular orbit about the Sun. For simplicity, the meteoroid's spin axis is taken to be normal to the orbital plane, so that the Sun always stands on its equator. Insolation heats up the sunward side, with the heat ultimately reradiated into space by the meteoroid (typically in the infrared part of the spectrum, unless the meteoroid is very close to the Sun). An infrared photon carries away momentum (a) The diurnal Yarkovsky effect, with the asteroid's spin axis perpendicular to the orbital plane. A fraction of the solar insolation is absorbed only to later be radiated away, yielding a net thermal force in the direction of the wide arrows. Because thermal reradiation in this example is concentrated at about 2 PM on the spinning asteroid, the radiation recoil force is always oriented at about 2 AM. Thus, the along-track component causes the object to spiral outward. Retrograde rotation would cause the orbit to spiral inward. (b) The seasonal Yarkovsky effect, with the asteroid's spin axis in the orbital plane. Seasonal heating and cooling of the "northern" and "southern" hemispheres give rise to a thermal force, which lies along the spin axis. The strength of the reradiation force varies along the orbit as a result of thermal inertia; even though the maximum sunlight on each hemisphere occurs as A and C, the maximum resultant radiative forces are applied to the body at B and D. The net effect over one revolution always causes the object to spiral inward.
when it leaves the meteoroid according to the relation p = E/c, where p is the photon's momentum, E its energy, and c is the speed of light. Because more energy and therefore more momentum departs from the hotter part of the meteoroid than the colder, the meteoroid feels a net kick in the direction away from the hotter part. If the meteoroid had no thermal inertia, then the temperature distribution would be symmetrical about the subsolar point and the meteoroid would experience a net force radially outward from the Sun. The only consequence of this force would be to weaken the Sun's grip on the meteoroid. However, all bodies have thermal inertia, which causes a delay, so that the hottest part of the meteoroid is its afternoon side rather than the subsolar point. This is similar to Earth, where afternoon rather than noon is the warmest time of day. As a result, the force on the meteoroid has not only a component which is radially outward from the Sun but also has an along-track component.
This along-track component causes a secular increase in the semimajor axis (and, to a lesser degree, eccentricity) for the prograde sense of rotation shown in the figure, so that over time the tiny Yarkovsky force can profoundly change the orbit. The sign of the diurnal Yarkovsky effect depends on the sense of rotation. If the meteoroid shown in Figure 1a rotated in the retrograde sense, the orbit would shrink instead of expand, whereas if the rotation axis was in the orbital plane, the diurnal Yarkovsky would be shut off entirely. The magnitude of the diurnal effect also depends on how close a body is to the Sun, the tilt of the body's spin axis with respect to the orbital plane, and the body's physical characteristics (i.e., the size of the body, its shape and thermal properties, and how fast it is rotating). The interplay of these factors means that there is an optimal size for maximizing the diurnal Yarkovsky effect for a given rotation speed and thermal structure. A very large object would have a poor areato-mass ratio (e.g., the effect is negligible on a large body like Earth). On the other hand, the smaller the body, the better the area-to-mass ratio, but at some point the radius becomes so small that the thermal wave penetrates all the way across the body, lessening the temperature differences between the night and day sides and weakening the effect (e.g., a slowly rotating dust particle). For rotation periods believed to be typical in the Solar System, roughly P ∼ 5 (D/2), where D is the diameter in meters and P is in seconds, optimal sizes for the Yarkovsky effect range from centimeters to meters. Objects having zero or infinitely fast rotation rates experience no diurnal Yarkovsky force.
Description of Seasonal Component
Nearly a century after Yarkovsky wrote his pamphlet, a second variant of the Yarkovsky effect emerged. While searching for the cause of the secular decay of the orbit of the LAGEOS satellite, it was realized that there had to be a seasonal effect (Rubincam 1987 (Rubincam , 1988 (Rubincam , 1990 in addition to Yarkovsky's original diurnal effect. The seasonal effect applies not just to Earth satellites like LAGEOS but also to objects orbiting the Sun.
The seasonal Yarkovsky effect is illustrated in Figure 1b . As in Figure 1a , a spherical meteoroid is assumed to be in a circular orbit about the Sun, but in this case the spin axis lies in the orbital plane. It is the component of force lying along the spin axis that gives rise to the seasonal effect. When the meteoroid is at A (bottom of the figure) the Sun shines most strongly on its northern hemisphere. As with the diurnal effect, there is a delay due to thermal inertia, so that the northern hemisphere is hottest at B. Likewise, the Sun shines most strongly on the southern hemisphere at C but this hemisphere becomes hottest at D. Although the radiation reaction force is symmetrical in Figure 1b , the changing velocity vector assures that the net effect shrinks the orbit. For a body without thermal inertia, however, the along-track force averages to zero when integrated over one revolution about the Sun.
For small orbital eccentricities, the average along-track force always opposes the motion of the meteoroid. Hence in the small eccentricity regime the seasonal force always acts like drag and causes orbital decay; for this reason the seasonal Yarkovsky effect was originally dubbed "thermal drag" (Rubincam 1987) . Unlike the diurnal Yarkovsky effect, the seasonal Yarkovsky effect is independent of the sense of rotation of the meteoroid; reversing its spin does not change the effect's sign. Moreover, the relevant timescale for the seasonal effect is the meteoroid's orbital period rather than the usually much quicker rotational period involved in the diurnal effect.
The seasonal effect does depend on the body's proximity to the Sun and on the tilt of the spin axis with respect to the orbit; it vanishes when the spin axis is normal to the orbital plane. As in the diurnal case, there is an optimum size for maximizing the effect. For basaltic bodies on circular orbits in the inner main belt, D ∼ 10 m objects would experience the greatest effects , Rubincam 1998 . The seasonal Yarkovsky force also affects the other orbital elements in addition to the semimajor axis. For small eccentricities it tends to circularize the orbit, as atmospheric drag does (Rubincam 1995 (Rubincam , 1998 .
THEORY OF THE YARKOVSKY EFFECT
The Yarkovsky force computation naturally splits into two parts: (a) determination of the surface temperature distribution, and (b) evaluation of the thermal radiation recoil force (or torque if desired). Mathematically similar derivations of this solution can be found in several modern references (Rubincam 1995 (Rubincam , 1998 Vokrouhlický 1998a Vokrouhlický ,b, 1999 Bottke et al. 2000b) . In this section, we follow the formalism of Vokrouhlický (2001) .
To compute the surface temperature on a body, we use the heat diffusion equations for energy flows inside the body:
or across its surface:
the latter which appears as a boundary condition for the temperature (T ) determination. The parameter K is the thermal conductivity, C p is the specific heat at constant pressure, ρ is the material density, is the surface thermal emissivity, σ is the StefanBotzmann constant, and α = 1 − A, with A being the Bond albedo. Equation 2 refers to a surface element with an external normal vector n ⊥ , whereas E is the flux of solar radiation through this element. Once the insolation function E for the surface elements is specified (which requires knowledge of the body's shape and its rotation state) and material parameters (K , C p , ρ) are known, Equations 1 and 2 can be solved numerically. At this point, it is useful to scale size and time to keep the number of parameters in our mathematical formulation as low as possible. For example, dimensional analysis shows that, for a given Fourier term with frequency ν in the decomposition of the insolation function E, the problem involves two fundamental parameters: (a) the penetration depth of the thermal wave ν = K /ρC p ν, and (b) the thermal parameter
Here T is the subsolar temperature defined by σ T 4 = αE , with E being the solar radiation flux at the distance of the body. The thermal parameter ν is a measure of the relaxation between the absorption and reemission at frequency ν. Thus, as ν grows smaller, the difference between the absorption and reemission grows smaller as well.
Solving for the temperature T, we can proceed to compute the recoil force (or torque) due to the thermal radiation (i.e., the Yarkovsky force). Assuming isotropic (Lambert) emission, the corresponding force per unit of mass is given by (Spitale & Greenberg 2001 :
where the integration is to be performed over the whole surface parametrized by a system of coordinates u and v (such as the longitude and latitude in the spherical case), m is mass of the body and c the light velocity. Adopting a local coordinate system with the z-axis aligned with the body's spin axis and the xy-axes in its equatorial plane, we can divide the Yarkovsky force into two variants: (a) the out-of-spin components ( f x , f y ) that depend primarily on the rotation frequency ω, and (b) the spin-aligned component f z that depends only on the mean motion n. The former Yarkovsky-acceleration components are thus called diurnal, while the later is called seasonal (and they correspond to the qualitative concepts discussed in Section 2).
Yarkovsky accelerations primarily change a body's semimajor axis a. Because the perturbation is usually small, we average the variation in a over one revolution. Assuming a spherical body with radius R, and neglecting eccentricity e, the averaged diurnal and seasonal perturbations on da/dt are
The total da/dt rate is the superposition of the two variants. The albedo-factor α in Equations 4 and 5 is close to that in Equation 2 ), = π R 2 E 0 /(mc ) is the usual radiation pressure coefficient, and γ is obliquity of the spin axis. The function F ν (R , ) depends on the radius of the body R, scaled by the penetration depth ν of the thermal wave (R = R/ ν ), and the thermal parameter ν , both corresponding to the frequency ν.
For the diurnal effect, ν = ω, whereas for the seasonal effect, ν = n. Note that apart from the different frequency, F is the same in Equations 4 and 5. The explicit form of F-function may be found in the literature (e.g., Vokrouhlický 1998a Vokrouhlický , 1999 . Here, we restrict ourselves to mention its dependence on the thermal parameter:
with κ 1 , κ 2 , and κ 3 analytic functions of R . The frequency-index of F reminds us that both the scaling factor ν of R and the thermal parameter ν depend on a given frequency. This parameter is the principal difference between the diurnal and seasonal Yarkovsky effects.
The da/dt rates listed above allow us to predict how the Yarkovsky perturbations change as a function of various parameters:
Obliquity and rotation dependence: Because the F-functions are always negative (i.e., thermal reemission lags behind the absorption), the seasonal Yarkovsky effect always produces a net decrease in a. The seasonal effect is maximum at γ = 90
• obliquity and zero at γ = 0 • (or 180 • ) obliquity. On the other hand, the diurnal effect may lead to both a net increase in a (for γ < 90
• ) or a net decrease in a (for γ > 90
• ). The effect is maximum at 0 • (or 180 • ) obliquity and zero for 90
• obliquity. The diurnal Yarkovsky effect also becomes negligible in the limit of infinitely fast rotation because surface temperature variations are smeared along lines of constant latitude and zero rotation.
Size dependence: The Yarkovsky effect vanishes for both very small and very large objects. For large objects, (da/dt) ≈ /R , where the ≈1/R dependence arises from the body's cross-section versus its mass. For small objects, (da/dt) ≈ R 2 / . The maximum drift in a occurs when R ≈ 1 (i.e., when the body's size is comparable to the penetration depth of the corresponding thermal wave). These trends can be seen in Figure 2a , where we plotted the average Yarkovsky-driven semimajor axis displacement ( a) of main belt bodies. The objects were started with random obliquities (γ ) and a variety of K values.
Surface-conductivity dependence: Surface conductivity K is the main thermal material parameter modifying the strength of the Yarkovsky effect. It is believed to range from very low values for highly porous or regolith-like surfaces (≈0.001 W m −1 K −1 ), to moderate values for bare-rocks such as ordinary chondrites or icy objects (≈1 W m −1 K −1 ), up to high values for iron-rich objects like iron meteorites (≈40 W m −1 K −1 ). Variations of K modify ν and ν . At low conductivities, we expect that will be small and R large because the penetration depth of the corresponding thermal wave decays to zero. Thus, (da/dt) ≈ and the Yarkovsky effect disappears. For high conductivities, the thermal parameter diverges and the scaled radius of the body tends to zero because the penetration depth of the corresponding thermal wave diverges. Thus, (da/dt) ≈ R 2 / , yielding very fast decay of the Yarkovsky effect as the body
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is driven toward thermal equilibrium. Maximum da/dt rates occur when both R ≈ 1 and ≈ 1. Solar-distance dependence: The Yarkovsky effect decreases with increasing distance from the Sun. In case of the diurnal effect, objects are usually in the highand high-R regime, so that (da/dt) ≈ /(n ). From the functional dependence of , n, and on a, we find that (da/dt) ≈ a −2 (e.g., Radzievskii 1952 , Peterson 1976 ). Thus, the diurnal effect decreases quickly as distance from the Sun increases, with very slowly rotating bodies a possible exception. A comparable analysis for the seasonal effect is more involved because F n cannot be approximated as ≈1/ . An example of this would be 0.1-1 km icy bodies in the Kuiper belt, whose seasonal da/dt drift rates become much shallower as a function of distance from the Sun. This surprising result occurs because the penetration depth of the seasonal thermal wave n increases to ∼ 0.1 km.
Figure 2b
shows some examples of how the mean distance traveled by bodies are affected when we account for the effect of collisional spin axis reorientation events, disruptive collisions, and the Yarkovsky effect (see also ). Here we assume the bodies experience spin axis reorientation events via nondisruptive impacts with a characteristic timescale τ rot 15.0 √ R My . The mean collisional lifetimes of the bodies were taken from Bottke et al. (2005b) . We found that the maximum expected drift distance is ∼0.1 AU, and that the seasonal Yarkovsky effect allows high K objects to have maximum mobility for D ≈ 10-20 m , Rubincam 1998 
, the mean drift distances are roughly constant over the D range tested.
DIRECT MEASUREMENT OF THE YARKOVSKY EFFECT
The earliest measurements of the strength of the Yarkovsky effect came from the LAGEOS satellite, which was designed for high-precision laser ranging (e.g., Rubincam 1987 Rubincam , 1988 Rubincam , 1990 . The Yarkovsky effect has also been measured on asteroids using radar ranging data from the Arecibo and Goldstone radio telescopes (Chesley et al. 2003) . Chesley et al. examined a D = 0.53 km NEO called (6489) Golevka, which has experienced several close encounters with Earth over the past 15 years. They found that the nongravitational acceleration experienced on Golevka was consistent with the Yarkovsky theory (e.g., Vokrouhlický et al. , 2001b , with their best-fit values yielding a bulk density of 2.7 ± 0.2 g cm −3 and K ∼ 0.01 W m
Thus, Yarkovsky measurements via radar ranging and optical astrometry offer scientists a new way to constrain the physical properties of NEOs, with a dozen or more opportunities available over the next decade (Vokrouhlický et al. 2005a,b) .
A different approach was taken by Nesvorný & Bottke (2004) , who used the orbital distribution of the Karin cluster, an S-type asteroid family that is 5.8 ± 0.2 My old (Nesvorný et al. 2002a) , to determine how the Yarkovsky effect affects multi-kilometer main belt asteroids. Using numerical methods, they determined the da/dt drift speed of ∼70 Karin cluster members (D = 1−6 km). The magnitude of the measured speeds was again consistent with predictions made by theoretical models and those made of (a) Mean drift rate of asteroids in the inner main belt over 1 My produced by the diurnal and seasonal Yarkovsky effects. Surface conductivity K values are 0.001, 0.01, 0.1, and 1 W m −1 K −1 . Specific heat C p = 680 J kg −1 K −1 , whereas surface and bulk densities are 1.7 and 2.5 g cm −3 , respectively. Rotation period P = 5 (D/2), where P is the rotation period in seconds and D the diameter in meters. The low-K cases are dominated by the diurnal effect, whereas for high-K cases the seasonal effect is more important. Mobility decreases for small bodies with high K because the thermal wave penetrates throughout the body. (b) Mean change in semimajor axis over the estimated collisional lifetimes of the bodies (Bottke et al. 2005b) . Collisions are also assumed to reorient the spin vector of the bodies see text) . Note that D > 1 km asteroids move farther than in previous work ) because the assumed collisional lifetimes are longer.
Golevka (Chesley et al. 2003) . By comparing the determined drift speeds to the ones calculated from theoretical models, Nesvorný & Bottke (2004) found these bodies have K values consistent with regolith-covered surfaces ( 0.1 W m −1 K −1 ). From the direction the bodies drifted, they also determined that most D 3.5 km family members are retrograde rotators, whereas the D 3.5 km bodies have obliquities www.annualreviews.org • The Yarkovsky and YORP Effectsmore equally distributed between 0
• -180
• . These data may be used to study asteroid spin states produced by catastrophic disruption events.
APPLICATIONS OF THE YARKOVSKY EFFECT

Meteorite Delivery
One of the first proposed applications of the Yarkovsky effect was to explain how small bodies are transported from the main belt to Earth (Öpik 1951 , Radzievskii 1952 , Peterson 1976 . It was hypothesized that the Yarkovsky effect might deliver meteoroids from the main belt to Earth via a slow decay of their semimajor axes. The timescales involved with this scenario, however, were far too long to be considered practical. Part of the solution to this delivery timescale problem was found in the pioneering works of J.G. Williams (see Wetherill 1979) and Wisdom (1983) , who showed that powerful mean-motion and secular resonances in the inner main belt could potentially move main belt bodies onto Earth-crossing orbits in ∼1 My. According to the classical model, stony meteorites then only had to be directly injected into resonances by asteroid collisions.
This scenario, however, delivers a large fraction of meteoroids to Earth with CRE ages of a few million years (Farinella et al. 1994 ; values that are inconsistent with the CRE ages of most stony and iron meteorites (e.g., Morbidelli & Gladman 1998 ). To avoid this problem, Farinella et al. (1998) eliminated direct injection and instead assumed the Yarkovsky effect slowly delivered material to powerful resonances inside the main belt. As these bodies drifted toward a main belt escape hatch, they would be bombarded by cosmic rays, which would push their CRE ages into the appropriate range. In addition, because iron meteorites have very different thermal conductivities than stones, their da/dt rates are slow enough to explain their long CRE ages (0.1-1 Gy). Thus, the Yarkovsky effect provides a natural explanation for the paucity of short CRE ages among stony meteorites and the differences in the observed CRE ages of stony and iron meteorites.
The dynamical evolution of main belt meteoroids can be surprisingly complex. As described in the previous section, the drift rate for meter-sized stones in the main belt is ±(0.01-0.001) AU My −1 (Figure 2) , depending on their spin axis orientation, spin rate, and thermal properties. Numerical integration work (e.g., Alfonso et al. 1995 , Bottke et al. 2000 has shown that in cases where thermal conductivity K is low (e.g., ∼0.001 W m −1 K −1 , or where the meter-size body has a dusty/highly porous surface), meteoroid da/dt drift rates are fast enough to allow meteoroids to "jump-over" most weak resonances, effectively accelerating their drift rate. In these cases, meteoroids will spiral inward or outward until they become trapped in a powerful resonance too chaotic to jump (e.g., the 3:1 or ν 6 resonance). En route, some may become temporarily trapped in weak mean-motion or secular resonances, allowing their e and i values to undergo secular changes while a remains fixed. Additional complications come from nondisruptive collisions because they can modify the meteoroid's spin axis orientation and spin rate. Thus, objects drifting via the Yarkovsky effect may well reverse course and speed several times before reaching a powerful resonance.
If K values are high (e.g., >0.1 W m −1 K −1 , or where the surface is bare rock), meter-sized bodies drift much more slowly, such that many disrupt before reaching a resonance. This means that the bodies reaching resonances are likely the by-products of a "collisional cascade" produced by several generations of disruption events. As an example, consider the creation of an asteroid family with members that are compositionally similar to one another . As the family slowly spreads in semimajor axis via the Yarkovsky effect (see Section 5.2), disruption events constantly create new meter-sized bodies while eliminating existing ones. Eventually, this slow but steady evolution allows the outliers of a family to reach a resonance before being disrupted. Thus, in this scenario, large asteroid families capable of providing a steady reservoir of meteoroid-sized material can dominate the flux reaching a given resonance (see Bottke et al. 2005c) .
Although the dynamical evolution of individual meteoroids via the Yarkovsky effect requires careful work, the evolution of large "swarms" of fragments, released by catastrophic break-up events or impacts on large asteroids in the main belt, can be modeled statistically. To this end, the most successful effort so far to combine dynamics, collisions, and the Yarkovsky effect into a meteoroid evolution code has been the work of Vokrouhlický & Farinella (2000) . In their model, they started with a size distribution of small bodies ejected from a chosen parent asteroid, with each body having its own spin rate and spin axis orientation. Using simplified dynamics, they tracked these bodies across the inner main belt to the 3:1 or ν 6 resonance, assuming that their da/dt drift rates were not influenced by smaller resonances. Collisions were also included, with random impact events producing cascades of new fragments from the disruption of the existing bodies. When the objects reached the 3:1 or ν 6 resonance, Yarkovsky evolution was shut off and the bodies were delivered to Earth via statistical results taken from the numerical simulations of Morbidelli & Gladman (1998) .
The combination of the two studied phenomena-Yarkovsky drift and collisional dynamics-was found to efficiently supply the 3:1 and ν 6 resonances with small asteroid fragments from nearly all locations in the inner and central main belt. Direct injections, considered in "pre-Yarkovsky" studies (e.g., Farinella et al. 1993) , only appear to be important when a potential source body borders a resonance. Moreover, the flux of objects to the resonances is, contrary to the direct-injection scenario, spread over hundreds of millions of years, as the collisional cascade creates fast-drifting fragments from larger, slower-drifting progenitors. Another important result from this model is that the distribution of accumulated CRE ages in the population of fragments reaching Earth is in reasonable agreement with observations (e.g., Eugster 2003) , with the CRE age histograms dependent on the age of the last event capable of dominating the local Earth swarm. Figure 3 shows a comparison of the simulated and observed CRE ages for different types of meteorites and different parent asteroids.
Dynamical Spreading of Asteroid Families
Asteroid families are clusters of fragments produced by catastrophic disruption events that have similar proper a, e, and i values (Milani & Knežević 1994 , Knežević et al. 2002 Vesta, compared to the CRE age data for 64 HED (howardite-eucrite-diogenite) meteorites. In all cases, the intermediate K value appears to provide the best match to the data. Note that the direct injection scenario would always predict many more short CRE ages than are observed, and a shortage of ages between 20 and 50 My, which is not observed.
(e.g., Cellino et al. 2002) . They are important because they are natural laboratories for understanding the physics of hypervelocity impacts. By properly interpreting how families formed and how they evolved, we obtain powerful constraints for numerical hydrocode models (e.g., Benz & Asphaug 1999) and collisional evolution codes (e.g., Bottke et al. 2005a,b) , as well as critical clues that allow us to glean insights into the physical properties of asteroids and planetesimals. As described in the introduction, however, the classical model makes several predictions about asteroid families that are inconsistent with observational and theoretical constraints: (a) they predict that the initial ejection velocities of many prominent families were several 100 m s −1 (Zappalà et al. 1996) ; (b) they cannot explain the asymmetric (a, e, i) distributions of some families (e.g., the distribution of the Koronis family; Figure 4) ; and (c) they cannot explain why some multi-kilometer members of presumably billion-year-old asteroid families are "on the brink" of entering a resonance (e.g., Koronis family members; Milani & Farinella 1995 , Knežević et al. 1997 , Vokrouhlický et al. 2001a , are already inside powerful resonances (e.g., Eos family members; Zappalà et al. 2000) , or are part of the relatively short-lived NEO population (V-type asteroids, which presumably are part of the Vesta family; Migliorini et al. 1997) .
One way to resolve these issues is to assume that family members, since their formation, have been spread out in semimajor axis by the Yarkovsky effect. As shown in Figure 2 , an ensemble of D = 5 km asteroids will move inward and outward at mean drift rates of |da/dt| ∼ 2 × 10 −5 AU My −1 , whereas larger asteroids drift more slowly (e.g., D ∼ 20 km asteroids drift at |da/dt| ∼ 6 × 10 −6 AU My −1 ). Because collisional models suggest that many asteroid families are hundreds of millions to billions of years old (Bottke et al. 2005a,b) , the potential drift distances of these objects are large enough to explain the observed dispersions of many asteroid families. Moreover, because Yarkovsky drift is size-dependent, the family members would eventually take on the appearance that they were launched using a size-dependent velocity distribution.
Thus, according to this scenario, the observed asteroid families were created through a multi-step process. To check this idea, Bottke et al. (2001) tracked the evolution of test asteroids started close to the center of the Koronis family. Figure 4 shows Yarkovsky forces driving multi-kilometer asteroids through numerous secular resonances where resonant jumping/trapping events produce noticeable changes in proper e, particularly on the right side of the plot. The most significant jumps are caused by the secular resonance g + 2g 5 − 3g 6 at 2.92 AU, which increases e but does not significantly change i. Eventually, objects drifting far enough become trapped in the powerful 5:2 or 7:3 mean motion resonances, where they are pushed onto planet-crossing orbits and are lost from the main belt.
Overall, these integration results reproduce the (a, e, i) distribution of the Koronis family while also explaining the paucity of family members on the left/right sides of the 5:2 and 7:3 resonances and the short-lived nature of some Koronis family members. The success of this model, together with the previous section's results, makes a strong case that the Yarkovsky effect, working in concert with resonances, is the primary mechanism by which D 30 km asteroids escape the main belt and reach the inner Solar System.
Since Bottke et al. (2001) , several groups have investigated the dynamical evolution of families and interesting subpopulations using numerical methods. We highlight the results from some of these studies: Tsiganis et al. (2003) analyzed the population of asteroids residing inside the 7:3 mean motion resonance that brackets Koronis family (e.g., Figure 4 ). They noted that this population, made up of 23 known objects, can be divided into two groups, a low-i group coming from the Koronis family and a high-i group coming from the Eos family (2.96-3.12 AU). Their work showed that the expected delivery rate of multi-kilometer asteroids to the 7:3 resonance from these families via the Yarkovsky effect was sufficient to explain both resident populations. Using a similar model, Brož et al. (2005) succeeded in matching the parameters of asteroids on unstable orbits within the 2:1 mean motion resonance with Jupiter. It is believed these bodies are resupplied over time by asteroids from the Themis and Hygiea families and from the population of nonfamily asteroids adjacent to the 2:1 resonance.
The Eos family, which has an unusual shape in (a, e, i) space and is intersected by the 9:4 mean motion resonance with Jupiter, provides an opportunity for one to investigate several aspects of the Yarkovsky evolution model. Like Koronis, the portion of the Eos family closest to the Sun is bracketed by a powerful resonance (7:3 resonance at ∼2.95 AU), whereas the portion of the family furthest from the Sun lies beyond a relatively weak resonance (9:4 resonance at Evolution of 210 simulated Koronis family members via the Yarkovsky effect . The test family members (blue lines) were started within ∼60 m s −1 of (158) Koronis (proper elements a = 2.87 AU, e = 0.045, sin i = 0.038) and were integrated for ∼700 My, short compared with the estimated age of the family (∼2.5 Gy), but enough to determine evolution trends. The orbital tracks were averaged over a running 10 My window to compare them with the proper (a, e) of the Koronis family members (yellow dots). Snapshots of the integration tracks, shown at 100 My, 300 My, and 700 My, indicate these bodies interact with several resonances between 2.89−2.93 AU, with the secular g + 2g 5 − 3g 6 resonance at 2.92 AU being most prominent. These jumps allow the simulated family members to reach the (a, e) positions of many real family members. Fast-drifting bodies are seen to escape the main belt via the 5:2 and 7:3 mean motion resonances with Jupiter.
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∼3.03 AU) and is underpopulated. Vokrouhlický et al. (2005c) has shown than the underpopulated region corresponds to the likelihood that an outward drifting asteroid will jump across (as opposed to becoming trapped) in the 9:4 resonance. The family also has an unusual feature produced by family members that become trapped at low-i by the high-order secular resonance z 1 = s + g − s 6 − g 6 . The most curious element of the Eos family, however, is that the center of the family is depopulated in small family members relative to that found on the extremes. This is likely a consequence of combined Yarkovsky/YORP evolution, where the Yarkovsky drift rates are intimately tied to the obliquity evolution produced via the YORP effect (see Sections 6-7). The dispersion of the Flora family was investigated by Nesvorný et al. (2002b) , whereas the Gefion and Adeona families were investigated by Carruba et al. (2003) . In addition to Yarkovsky evolution, both groups examined whether close encounters with large asteroids like (1) Ceres, (2) Pallas, and (4) Vesta could affect the orbital evolution of D > 20 km family members, objects that are less susceptible to Yarkovsky evolution than their smaller brethren. Overall, they found that asteroidal close encounters have a small effect on the spreads of asteroid families as a whole, but that a small fraction ( 10%) of each family did experience meaningful changes in semimajor axis.
Escape of Kilometer-Sized Asteroids from the Main Belt
Dynamical modeling results indicate that the ultimate source of most Mars-crossing asteroids and NEOs is the inner/central main belt (e.g., Bottke et al. 2000a Bottke et al. , 2002a . The primary sources of these bodies are the 3:1 mean-motion resonance with Jupiter at 2.5 AU, the ν 6 secular resonance that brackets the main belt in inclination from 2.1 − 2.5 AU, and numerous narrow mean motion resonances produced by Mars or the combined effects of Jupiter and Saturn, which span the entire length of the main belt (Wisdom 1983 , Morbidelli & Gladman 1998 , Migliorini et al. 1998 , Morbidelli & Nesvorný 1999 . The question, however, is how main belt material reaches these resonances.
In the CM, asteroids were thrown directly into resonances by main belt collisions (e.g., Farinella et al. 1993) . Catastrophic disruption events in the main belt, however, occur relatively infrequently; only ∼20 asteroids with D > 100 km have disrupted over the past 3-4 Gy (Bottke et al. 2005a,b) . Moreover, the combined width of resonances in the inner and central main belt is small enough that collisions alone are unlikely to keep them filled with debris . Finally, the mean dynamical lifetimes of material injected into the resonances described above are only a few million years , such that a shortage of resonant material could eventually lead to a discernible depletion of inner solar system asteroids (Migliorini et al. 1998 , Michel et al. 2000 . These problems are exacerbated by the fact that most potential parent bodies are located far from resonant escape hatches (Nesvorný et al. 2002a) , and that the disruption of large bodies in the inner main belt should produce numerous asteroid families that are not observed (e.g., Nesvorný et al. 2003) .
For these reasons, To test this idea, Bottke et al. (2002b) numerically integrated hundreds of test asteroids with D = 0.2, 0.4, 2, 4, and 10 km in the inner (2.1-2.48 AU) and central (2.52-2.8 AU) main belt with and without the Yarkovsky effect. The orbits of the test asteroids were chosen to be a representative sample of the observed population residing near (but not on) Mars-crossing orbits (perihelion q 1.8 AU; Migliorini et al. 1998 , Morbidelli & Nesvorný 1999 . All the test asteroids were given thick regoliths and low thermal conductivity K values, although it is not yet clear whether this approximation is reasonable for small asteroids. Bottke et al. found that Yarkovskydriven objects with D > 2 km reached Mars-crossing orbits at the same rate as the non-Yarkovsky case, with most objects having their e values increased by interactions with multiple tiny resonances. For D < 2 km objects, however, their drift rates are apparently fast enough that most of these test asteroids jumped across numerous weak resonances en route to the 3:1 and ν 6 resonances or the Mars-crossing region.
Investigating this problem in a different way, Morbidelli & Vokrouhlický (2003) used a Monte-Carlo code to track how the population of NEOs delivered from the inner main belt changed over time. In their code, they created a simplified model of the orbital and size distribution of the inner main belt population (a < 2.5 AU), with the asteroid population estimated from observational data (e.g., Minor Planet Center). Next, they followed the semimajor axis evolution of their test objects, with random deviates used to assign their initial spin vectors as well as the timing of spin vector reorientation and catastrophic collision events; note that spin vectors control the direction and magnitude of Yarkovsky da/dt rates. When the test asteroids reached the 3:1 or ν 6 resonance, they were removed and replaced by same-size test asteroids that were started from the same location the removed asteroids came from. Morbidelli & Vokrouhlický (2003) found that they could reproduce the flux needed to keep the NEO population in steady state (220 multikilometer asteroids per million years; Bottke et al. 2002a ). They also found that the Yarkovsky effect steepens the power law slope of the NEO size distribution for 1 < D < 10 km bodies, naturally explaining the differences seen between the main belt [N(> D) ∝ D α , with α = −1.3] and NEO populations (α = −1.75) in this size range. Interestingly, their evolution model had to include the YORP effect to match the NEO size distribution (see Section 6).
Finally, we have the work of La Spina et al. (2004) , who investigated the spin axis orientations of the observed NEOs. They found that 15 of the 21 NEOs with known obliquities are retrograde rotators (71%), in excess of what one would expect from a random distribution. This data set provides surprisingly strong support for the idea that NEOs evolve out of the main belt via the Yarkovsky effect. Using a numerical model of the NEO population, Bottke et al. (2000a Bottke et al. ( , 2002a estimated that 37 ± 8% of kilometer-sized NEOs come from the ν 6 resonance, with the remainder coming from a variety of resonances spread across the main belt. Because the ν 6 resonance defines the innermost boundary of the main belt, however, it can only be reached by objects evolving inward toward the Sun. In terms of Yarkovsky da/dt drift, these objects must have retrograde spins. All the remaining resonances in the main belt can be reached by objects drifting either inward or outward (i.e., prograde and retrograde spins). Thus, if 100% of the NEOs coming out of the ν 6 resonance have retrograde spins, and the rest are split 50-50 between prograde and retrograde, the fraction of the NEO population having retrograde spins is 69%, a remarkable match with observations [71%, according to La Spina et al. (2004) ].
THE YORP EFFECT: MODIFYING ASTEROID SPIN RATES AND OBLIQUITIES
The reflection and reemission of sunlight from an asteroid's surface can also produce a net thermal torque on asteroids with irregular shapes. Over time, these torques can affect the spin rate and obliquities of small bodies in the Solar System, driving some of them toward asymptotic values. This "sunlight alters spin" mechanism was coined by Rubincam (2000) as the YORP effect (Radzievskii 1954; Paddack 1969 Paddack , 1973 Paddack & Rhee 1975; O'Keefe 1976) . YORP is important because it not only controls the long-term evolution of asteroid spin vectors but also the magnitude and direction of Yarkovsky da/dt rates, which depend on rotation parameters. In fact, when its effects are combined with the related Yarkovsky effect, YORP may help to explain several puzzling issues about the rotational, orbital, and physical parameters of small asteroids , Rubincam 2000 , Vokrouhlický &Čapek 2002 , Morbidelli & Vokrouhlický 2003 ). We may also be able to directly detect YORP through a measurable change in phase of the sidereal rotation of small asteroids . Rubincam (2000) illustrated how YORP works using a rotating spherical asteroid with two wedges attached to the equator (Figure 5) . For a Lambertian radiator, the reaction force from photons departing from any given element of area will be normal to the surface, such that no torque is produced. Energy reradiated from the wedges, however, does produce a torque because the wedge faces are not coplanar. For the sense of rotation shown in Figure 5 , the wedge-produced YORP torque spins the object up. If the body happened to spin in the opposite sense, the YORP torques would slow it down. Thus, an object must have some "windmill" asymmetry for YORP to work; energy reradiated from a symmetrical body (e.g., a sphere or an ellipsoid) produces no net YORP torque (Rubincam 2000 , Vokrouhlický &Čapek 2002 .
YORP torques can also modify asteroid obliquities, which leads to the concept of the YORP cycle. For the geometry shown in Figure 5 , a fast-spinning asteroid would gradually increase its obliquity as well. When the obliquity becomes large enough, the axial torque changes sign and the object begins to spin down. This can be seen by imagining that the Sun shines down on the object from its north pole, rather than the equator; the wedges must spin it the other way. Hence YORP may spin objects up for a while, but when the obliquity becomes large, they slow down and then perhaps
Sunlight
Figure 5
Spin up of an asymmetrical asteroid. The asteroid is modeled as a sphere with two wedges attached to its equator. The asteroid is considered a blackbody, so it absorbs all sunlight falling on it and then reemits the energy in the infrared as thermal radiation. Because the kicks produced by photons leaving the wedges are in different directions, a net torque is produced that causes the asteroid to spin up. tumble until they reestablish principal axis rotation, with the spin axis presumably pointing in a random direction. Then the cycle begins all over again, such that small solid objects possibly avoid the "rotational bursting" envisioned by V.V. Radzievskii, S.J. Paddack, and J.A. O'Keefe (i.e., spinning an solid object so fast that it disrupts). Collisions large enough to modify an asteroid's spin axis orientation may also shortcircuit a YORP cycle, potentially putting the object into an entirely different rotation state. Thus, YORP is most likely to be important in regimes where the YORP cycle is faster than the spin axis reorientation timescale via collisions (Rubincam 2000 , Vokrouhlický &Čapek 2002 ,Čapek & Vokrouhlický 2004 ).
Theory of the YORP Effect
YORP, like the Yarkovsky effect, can be thought of as a recoil force d f applied to a surface element d S = n ⊥ d S produced by the thermal reflection and reemission of absorbed sunlight (Equation 3). By integrating d f over the entire surface S of asteroid, we obtain the net thermal torque:
where r is the position vector of the appropriate surface element d S in Equation  3 . In practice, the irregular shapes of asteroids are modeled using a polyhedral surface composed of N triangular facets (typically N ≥ 10 3 ; e.g., Simonelli et al. 1993 , Dobrovoskis 1996 , Vokrouhlický &Čapek 2002 . The YORP torque is the sum of the torques produced by the triangular surface elements. The major unknown www.annualreviews.org • The Yarkovsky and YORP Effectsquantity in Equation 7 is the surface temperature T, which depends on several factors: the incident solar radiation on each surface element, which depends on factors like the asteroid's orbit, shape, etc.; the body's reflectivity in the optical band, which is expressed by the albedo coefficient A; and how solar radiation is conducted into the body. To attain the highest accuracy (e.g.,Čapek & Vokrouhlický 2004), we need to compute T numerically for every surface element over time by solving the heat diffusion problem with appropriate boundary conditions (Equation 2). As a rough approximation, one can assume zero thermal conductivity where thermal radiation is emitted with no time lag (i.e., this is a fundamental difference between the Yarkovsky and YORP effects). Here εσ T 4 ≈ (1 − A ) (n · n 0 ), where is the solar radiation flux on the surface element with normal vector n along direction n 0 (Rubincam 2000 , Vokrouhlický &Čapek 2002 .
Assuming the asteroid rotates around the shortest axis of the inertia tensor (with the moment of inertia C ), we define L = Cω e as the body's angular momentum.
Here ω is the angular velocity of rotation and e is the unit vector of the spin axis. The rate of change of L in the inertial frame is equal to the applied torque T: d L/dt = T. For C constant, this equation can be split into
It is useful to parametrize the spin vector e with the obliquity , the angle between e and normal vector N to the orbital plane, and the precession in longitude ψ. The decomposition of e into orbital plane unit vectors (x-coordinate along the nodal line) then becomes (sin sin(ψ + ), sin cos(ψ + ), cos ), where is the longitude of ascending node. We can then write
with the unit vectors
Note that in reality T not only includes the YORP torque but also the gravitational torque due to the primary and/or inertial terms due to the motion of the orbital frame used to define the angles and ψ (e.g., Vokrouhlický &Čapek 2002) . The gravitational and inertial terms, however, usually dominate the precession component T ψ . Conversely, their long-term contributions to T s and T are negligible, whereas YORP produces nonzero secular effects in the rotation speed and obliquity. For this reason, we concentrate on these thermal torque components when computing how YORP affects an asteroid. Moreover, because YORP torques act over long timescales, we can average T s and T over their rotation and revolution cycles. Rubincam (2000) showed that YORP is strongly dependent on an asteroid's shape, size, distance from the Sun, and orientation. For example, assuming the Sun remains on the equator, asteroid (951) Gaspra, with radius R = 6 km and a = 2.21 AU, would take 240 My to go from a rotation period P = 12 h to 6 h (and vice versa). We call this value the YORP timescale. If (243) Ida had the the same R and a values as Gaspra, it would have a YORP timescale half as long, whereas a body with Phobos' shape would have a YORP timescale of several billion years. Clearly, shapes make a big difference. The YORP timescale is also size-dependent (i.e., it goes as ≈R 2 ), such that smaller sizes spin up much more quickly. If Gaspra was only R = 0.5 km, its YORP timescale would be a few million years. Thus, YORP may be very influential for kilometer-sized and smaller asteroids. YORP is also more effective as you move closer to the Sun. Moving our R = 0.5 km Gaspra to 1 AU allows it to go from P = 12 h to rotational disruption speeds of ∼2 h (and visa-versa) in ∼1 My. We caution, however, that YORP-induced obliquity torques may double or possibly triple the above timescales (see below). Moreover, these rates ignore complications such as collisions, planetary close encounters, changes in thermal properties with size, etc.
COMPUTING THE YORP EFFECT FOR INDIVIDUAL ASTEROIDS
To demonstrate how YORP modified the spin vectors of individual asteroids, we show results fromČapek , who examined several bodies with well-determined shapes. Here we focus on (6489) Golevka, whose detailed shape model was obtained using radar ranging echoes in 1995 (Hudson et al. 2000 , see also Chesley et al. 2003) . For simplicity, they assumed their model Golevka resides on a circular orbit with a = 2.5 AU, bulk density of 2.5 g cm −3 , surface density of 1.7 g cm −3 , specific heat capacity C p = 680 J kg −1 K −1 , and albedo A = 0. An important feature of YORP-driven evolution is that the spin axis gradually tilts toward a specific (asymptotic) obliquity value (Rubincam 2000 , Vokrouhlický &Čapek 2002 . En route to that obliquity state, the asteroid increases or decreases its rotation rate. This can be seen in Figure 6 , which shows mean rate of change of the angular velocity and obliquity produced by YORP for a number of surface conductivity K values in the range 10 −9 to 10 W m
is consistent with a surface characterized as a mixture of dusty areas and exposed porous rocks (Chesley et al. 2003) . We see that the angular velocity is nearly independent of the angular YORP's torque (T s /C) on K, whereas there is a strong dependence of the obliquity YORP's torque (T /C) on K. If Golevka is given a low K value, its obliquity could potentially evolve to three asymptotic states: 0
• , 90
• and 180
, however, it can only reach a single asymptotic state at 90
• . If we assume K = 0.01 W m −1 K −1 in accordance with Chesley et al. (2003) , we find the mean value of the fractional change of the rotation period P, (d P/dt)/P −2.2×10 −7 year −1 (e.g., Vokrouhlický et al. 2005c) . Hence, if enough precise observations are taken over the next decade or so, we may be able to detect YORP on Golevka. A discussion of this and other YORP effect detection possibilities can be found inČapek and Vokrouhlický et al. (2004) . YORP-induced mean rate of change of the rotation rate ω and obliquity as a function of the obliquity for asteroid (6489) Golevka (assumed to be on a circular orbit at 2.5 AU). Eleven values of the surface thermal conductivity logK = −9, −8, . . . , −1, 0, 1 are shown. The lowest value-black-is identical to the zero-conductivity case analyzed by Vokrouhlický &Čapek (2002) . The rotation effect shows a small dependence on K, whereas the obliquity effect has a significant dependence on K (and rotation period of 6 h).
Asteroids in Spin-Orbit Resonances
An interesting and potentially important application of the YORP effect has been to understand the spin vectors of Koronis family members. In general, laboratory and numerical experiments of asteroid collisions suggest that Koronis family members, which are likely billions of years old (e.g., Bottke et al. 2001) , should have spin rates that approximately follow a Maxwellian distribution and nearly random spin axis orientations. The observed rotation states of D = 20-40 km asteroids within this family, however, are surprisingly discordant with these expectations. Slivan (2002; see also Slivan et al. 2003) found that the prograde rotators had tightly clustered values in spin period (7.5 < P < 9.5 h), obliquity (42 • < < 50 • ), and possibly ecliptic longitude, with the latter two implying the spin axes of this group are truly parallel in space. We refer to prograde objects with spin vectors near these clustered values as being in "Slivan states." Retrograde rotators, on the other hand, had P < 5 h or P > 13 h, ≥ 154
• , and ecliptic longitudes that appear to span a large range of values. Given the singular nature of the spin vectors in both the prograde and retrograde groups, we consider it unlikely that collisions alone could have produced this distribution; some other explanation is needed.
To explain these spin vectors, Vokrouhlický et al. (2003) constructed a numerical model capable of tracking the spin vector evolution of model asteroids over several billion years via two effects: (a) YORP and (b) the effects of solar gravitational torques on an asteroid whose orbit changes over time owing to planetary gravitational perturbations. This model was then used to explore the long-term evolution of test Koronis family asteroids with 20 < D < 40 km and prograde/retrograde spins using both real and artificial asteroid configurations (e.g., the spacecraft-derived shape of (243) Ida, numerous random asteroid shapes derived using numerical techniques; Muinonen 1998).
For prograde rotators, Vokrouhlický et al. (2003) found that Koronis family members predominately spin down, which, in the cases analyzed by Vokrouhlický et al., gave them the opportunity to be captured by spin-orbit resonances. Some representative model cases are shown in Figure 7 . For retrograde rotators, YORP drove the obliquity values of our test asteroids toward the asymptotic value of = 180
• . By varying the initial P, values of the test asteroids, and by giving them different shapes, Vokrouhlický et al. found a variety of possible evolutionary paths. Some test asteroids always spin down, whereas others always spin up. There were even cases where objects start by spinning down but then later spin up (or vice versa).
These results led Vokrouhlický et al. (2003) to conclude that the YORP effect, when combined with planetary perturbations, provides the most plausible means to explain the spin rate and obliquity values of the Koronis family asteroids. Moreover, the fact that the observed prograde rotators were trapped in a spin-orbit resonance implies that collisions played a minimal role in the evolution of their and P values over the past 2-3 Gy. We can generalize this result to the rest of the main belt; over the past several billion years, the YORP effect has probably been more efficient than collisions at changing the spin rates and obliquities of main belt asteroids with D < 40 km. If true, YORP can provide a natural explanation for the plethora of D < 40 km asteroids with extremely fast or slow rotation rates (e.g., Pravec et al. 2002) .
The YORP effect may also have far-reaching implications for the physical history of many small asteroids. If kilometer-sized asteroids are predominantly gravitational aggregates (or, as many call them, rubble-pile asteroids; Richardson et al. 2002) , or they are as weak as suggested by strength models (Holsapple 2005) , YORP may spin some of them up so fast that they change shape, shed mass, or even undergo fission. It may thus provide an important means for producing asteroid satellites among smaller Nine possible evolutionary paths for prograde rotator (311) Claudia (D = 24 km; P = 7.53 h; = 50 • ), many that evolve into resonant states ). Claudia's initial spin period was set to P = 5 h and its initial obliquity to uniform values in cos between 0 • − 90 • . The YORP torque affecting obliquity, defined as T , slowly drives toward the 0 • asymptotic value and, in the process, increasesψ, defined as the asteroid's precession rate with respect to the ecliptic. This occurs becauseψ ∝ cos /ω, where ω is the asteroid's rotation rate. When the initial is small, or if it becomes so in the course of the evolution, the YORP torque affecting P, defined as T s , decelerates the rotation rate and therefore also increases the precession rate of the spin axis. Eventually, this motion allows it to becomes captured by the s 6 spin-orbit secular resonance between the precession rate of the asteroid's spin axis and Saturn's longitude of node. We see this occurring near the minimum values for each curve shown to the left. Once trapped in the resonance, P steadily increases, enough to cause migration of its equilibrium (Cassini) state and force to move toward the asymptotic value of 55 • , where T s becomes zero for nearly all asteroid shapes. main belt and near-Earth asteroids. On the other hand, gravitational aggregates may "morph" into new symmetrical shapes that increase the YORP timescale; these shape changes may eventually strand some objects close to the rotational break-up limit.
To investigate whether asteroids in other main belt regions may also be trapped in Slivan states, Vokrouhlický et al. (2003) tracked the spin vector evolution of test prograde rotators having the same orbital parameters as (8) Flora, (15) Eunomia, (20) Massalia, (24) Themis, (37) Fides, and (221) Eos. These asteroids were chosen because they span the main belt in both semimajor axis and inclination. Preliminary results indicate that low inclination asteroids in the outer main belt [e.g., (24) Themis] follow evolutionary paths similar to those described in Figure 7 ; we predict that many more Slivan state asteroids may be found there. For the remaining test asteroids, Vokrouhlický et al. (2003) found more complex spin-vector evolutionary paths brought on, in part, by the presence of overlapping spin-orbit resonances.
The Ages of Asteroid Families Derived from the Yarkovsky/YORP Effect
Despite our apparent success in using Yarkovsky evolution to interpret asteroid family data, there are still several issues related to families that need to be better understood. For example, the dynamical spreading experienced by family members via Yarkovsky/YORP slowly masks the initial velocity distribution of small and/or old families (Dell'Oro et al. 2004) . For this reason, we only have solid ages for very young families. An example is the Karin family, an exceptionally compact cluster of asteroids located inside the Koronis family (Nesvorný et al. 2002a) . By numerically integrating the fragments backward in time, Nesvorný et al. showed that Karin family members were produced by the disruption of a D ∼ 30 km asteroid ∼5.8 ± 0.2 My ago (see also Nesvorný & Bottke 2004) . A similar young age was found for the Veritas family (∼3.17 AU), which was produced by the disruption of a D > 150 km asteroid ∼8.3 ± 0.5 My ago . Numerical modeling work indicates Veritas was, by far, the largest asteroid disruption event to have occurred over the past 70 My Bottke et al. 2005a,b) . In fact, it was so large that collisions between family members still produce as much as 10% of all Solar System near-ecliptic dust observed by IRAS .
To determine the ages of older asteroid families more heavily influenced by Yarkovsky/YORP, Vokrouhlický et al. (2005d) constructed a Monte-Carlo code that can track the evolution of asteroids via Yarkovsky/YORP simultaneously. This code, while not without simplifications, may allow one to distinguish between the competing contributions produced by a family's initial velocity distribution and its dynamical spreading over time. An important implication of this work is that it may be possible to use Yarkovsky/YORP spreading like a clock to determine the formation ages of various families.
As an example, we show results from their analysis of the Erigone family, which was likely produced by the disruption of a D ∼ 110 km C-type asteroid in the inner main belt (a ∼ 2.37 AU) (Bottke et al. 2005a,b) . A plot of family members in (a, H) space shows it is divided into two fragment clouds separated by a surprising depletion at the center (Figure 8) . Tests indicate this feature is not a by-product of resonances. By fitting their runs to the (a, H ) distribution, Vokrouhlický et al. (2005d) estimate that the age of the Erigone family is T = 280 +30 −50 My, whereas the mean ejection velocity of the 5-km size fragments was V = 26 +14 −11 m s −1 . Thus, the initial distribution of the Erigone family covered roughly half the distance in semimajor axis as the observed one. We believe the techniques demonstrated in Vokrouhlický et al. (2005d) will ultimately help us determine the ages of families across the main belt.
FUTURE DIRECTIONS
While introducing the Yarkovsky/YORP effects into our asteroidal dynamical models has been highly successful, there are still many issues that require future work. One challenge for future Yarkovsky modeling will be to accurately combine Yarkovsky accelerations with YORP, particularly because there is a complicated interaction between rotation, orbit precession rates, and spin axis precession rates. Moreover, as shown in Vokrouhlický et al. (2003) , spin-orbit resonances can have a major effect on obliquity evolution. All of these factors produce complicated feedbacks that can modify asteroid drift rates and rotation rate changes. Because YORP is sensitive to the size, shape, material properties, and asteroid location, this effect will also vary from object to object. This means that despite progress toward computing a chronology of asteroid families (e.g., Carruba et al. 2003 , Vokrouhlický et al. 2005a ), obtaining high-precision solutions will take considerable effort. Future work on the YORP effect will also have to account for thermal relaxation and more refined thermophysics (e.g., Spitale & Greenberg 2001 , 2002 .
We also need to better understand the endstates of YORP evolution. For example, if YORP spins up an asteroid fast enough, it should undergo fission and possibly produce an asteroid satellite. On the other hand, YORP may also limit the dynamical lifetime of synchronous rotating binaries (Ćuk & Burns 2005) . For asteroids spun down by YORP, some may enter into a chaotic "tumbling" rotation state similar to that observed for Toutatis and other asteroids (e.g., Pravec & Harris 2002) . How asteroids reemerge from a tumbling state has yet to be studied in detail, although preliminary work indicates that the threshold where tumbling takes place depends sensitively on the dissipation rate of internal energy in a given body. Finally, we have yet to compute accurate YORP torques for meter-sized bodies; doing so may require more sophisticated heat transfer models than have been used to date.
These problems, which are critical to our understanding of small-body evolution, will keep the study of nongravitational effects on asteroids and meteoroids an active field of research for the foreseeable future. 
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